Abstract: TheeffectofthenaturalcompoundS-methylmethionine(SMM)onthefunctioningofthephotosyntheticapparatus,theefficiencyof photosynthesis and the synthesis of stress-induced phenoloids and anthocyanins involved in defence was investigated in young maize plantsexposedtomoderateandseverechillingstress.DamagetoPSIIwasobservedasareductioninthevalueofvariablefluorescence (Fv/Fm) which could be detected even after few hours of mild chilling stress. At temperatures below 10°C, the reduction in Fv/Fm was more pronounced. Changes in the value of net photosynthesis exhibited a similar tendency. SMM has a moderating effect on this reduction and itsprotectiveeffectwasmorepronouncedunderlong-lastingchillingstressandatthelowesttemperatures.Monitoringoffluorescence intensitiesandratioscorrelatedwiththelevelsofstressdefencecompounds.Thefluorescenceintensitieswerefoundtoincreaseover the course of chilling stress in response to SMM, with the highest values being recorded in plants exposed to the longest period of stress. Asimilartendencywasobservedforthequantityofanthocyanins.TheresultsconfirmthecomplexroleofSMM,whichismanifestedbothin preserving the ability of the photosynthetic apparatus to function and in stimulating the synthesis of metabolites involved in stress defence.
Introduction
Environmental factors deviating from those optimum for growth and development (biotic and abiotic stressors) have a substantial influence on the physiological processes and productivity of plants. This may occur via specific responses to a given stressor or by the general stress response induced by a combination of stress factors. Sulphur metabolism plays an important role in the defence responses of plants to various stress factors. One component of the sulphur metabolism, first identified by McRorie et al. [1] and given considerable attention in recent years, is a non-proteinogenic amino acid, S-methylmethionine (SMM), which is synthesised from methionine (Met) using S-adenosyl methionine (AdoMet) as the methyl donor [2] . In the course of the methionine cycle this compound is able to revert to methionine through a transmethylation reaction involving homocysteine. SMM consequently plays a role in regulating the levels of both methionine and S-adenosyl methionine [3] [4] [5] , participates in methylation processes within the cell and plays an important role in the transportation and storage of sulphur [6, 7] . It is able to moderate the damaging effects of numerous stressors by enhancing the production of dimethyl sulphopropionate which acts as an osmo-and cryoprotectant [8, 9] , and by increasing the biosynthesis of polyamines, and by regulating ethylene production [10] [11] [12] . Previous research has provided a large volume of information Effect of S-methylmethionine on the photosynthesis in maize at different chilling temperatures on the favourable physiological effects of exogenous SMM, which include increases in membrane stability [13] , increases in the activity of enzymes that eliminate reactive oxygen species [14] and in the quantity of polyamines, which play an important role in defence against stress [10] [11] [12] . It was observed in maize seedlings exposed to a short period of severe chilling stress (+5°C) that SMM, like chilling stress, stimulated the expression of genes coding for the enzymes that catalyse the polyamine biosynthesis pathway starting from arginine and that of the C-repeat binding transcription factor, CBF1, involved in the regulation of responses to chilling stress. The modest extent of upregulation induced by SMM alone became much more pronounced when SMM treatment was followed by chilling stress [15] . The results suggest that the role of SMM in stress defence is extremely complex and is manifested both directly and indirectly via regulators.
When grown in the temperate zone, maize, a species of subtropical origin that requires relatively high temperatures for germination and development, may be exposed not only to short periods of severe chilling stress at temperatures of below 10°C, which may inhibit growth and development due to membrane damage, electrolyte leakage and disturbances in the osmotic equilibrium, but also to longer periods of more moderate chilling stress (12-17°C). Moderate chilling stress acts on the physiological status of the plant not only by altering CO 2 supplies through stomatal closure and transpiration, and by affecting water uptake, but may also combine with intense light stress to damage the photosynthetic apparatus, thus reducing the efficiency of photosynthesis. At the same time, by generating reactive oxygen radicals, it may induce further degradation processes which, in turn, stimulate defence reactions. It has been observed for numerous plants that the phenylpropanoid biosynthesis pathway is also activated in response to various stress effects. This results in the formation of not only antioxidants and phytoalexins, but also phenoloids, flavonoids, stilbenes and anthocyanins, which act as protective compounds in various types of stress and may influence the interactions between plants and their environment in a number of ways [16, 17] . The aim of the present work was to investigate the effect of SMM on the functioning of the photosynthetic apparatus, on the efficiency of photosynthesis and on the synthesis of the phenoloids and anthocyanins involved in stress defence in young maize plants that had reached the autotrophic phase (21 days old) and were exposed to intense (below 10°C) or moderate chilling stress for various periods.
Experimental Procedures

Plant growth conditions
Maize kernels (Zea mays L., hybrid Norma) were disinfected in 5% sodium hypochlorite solution for 5 min. After rinsing several times in distilled water, the seeds were germinated between moist filter papers in a germinating cabinet (type: G 30, Conviron, Canada) at 25°C in the dark for 72 h. The 72-hour-old seedlings were then placed on a stainless steel mesh in Hoagland solution with 5-7 seedlings/pot, and grown for 21 days (until the full development of the third leaf) in a PGV-36 plant growth chamber (Conviron, Canada) under the following conditions: 16/8 h light/ dark, 22/20°C day/night, light intensity at leaf level: 250 μmol m -2 s -1 , 70% RH. The nutrient solution was changed every other day. SMM treatment was carried out on the 22 nd day by adding 0.01% SMM to the nutrient medium. In the case of control plants, no SMM was added to the solution. After one day, the SMM-containing solution was replaced by normal nutrient solution and the plants were placed in a gradient growth chamber [18] . A temperature gradient of 6-8-10-12-14°C was programmed, but the other growth parameters remained unchanged. Measurements were made after 1, 2, 3 and 4 days of chilling treatment on the fully developed third leaf.
Measurement of chlorophyll-α fluorescence induction
The chlorophyll fluorescence induction parameters of the maize plants were recorded at the temperatures programmed in the gradient chamber on the third fully developed leaf using a portable pulse amplitude modulated fluorometer (type: PAM-2000, Walz, Effeltrich, Germany). Prior to measurement the plants were kept in the dark for 30 min. The maximum fluorescence was determined using a 0.8 s flash of white light with a PPFD value in excess of 3000 μmol m -2 s -1 . The DA-2000 program was used for data evaluation. The nomenclature of van Kooten and Snel [19] was used to designate the chlorophyll fluorescence induction parameters.
Fluorescence imaging
Fluorescence imaging measurements were made with a compact flash-lamp fluorescence imaging system (FL-FIS). Leaves were fixed in front of the flash lamp by an air stream generated by a ventilator. Excitation light was provided by a pulsed xenon lamp with a UV(DUG11)-transmission filter (transmission maximum at 355 nm). Fluorescence images were acquired with a CCD camera that was synchronously gated with the flash lamp [20] . The multispectral fluorescence imaging for the blue (F440), green (F520), red (F690) and farred (F740) fluorescence was acquired sequentially from an identical field of view, each with the appropriate filter selected from a filter wheel built in the CCD camera. The acquisition of the fluorescence-emission images required the accumulation of 800 images. Images were processed by Camille 1.05 software (Photonetics, Kehl, Germany). The raw image was corrected for nonuniform excitation with the pixels of an image showing uniform fluorescence (blue fluorescence image of a white paper). Black and white images of both measured fluorescence intensity and fluorescence ratios (F440⁄F520, F440 ⁄ F690, F440 ⁄ F740 and F690⁄F740, acquired by a division of fluorescence intensity at the corresponding wavelength of each pixel) were set at the appropriate intensity and either false color or a black and white scale were applied by the ImageJ software package (http://rsb.info.nih.gov/ij). Numerical data from a region of interest corresponding to the leaf outline were processed by Camille 1.05 software.
Gas-exchange measurements
Net photosynthesis, stomatal conductivity and intracellular CO 2 concentration were mesured on attached leaves using a LI-6400 infrared gas analyser (LI-COR, Lincoln, NE, USA) operated with a 6400-02 LED light source. The measurements were carried out at different temperatures in the gradient plant growth chamber. Gas-exchange parameters were calculated according to von Caemmerer and Farquhar [21] .
Spectrophotometric determination of anthocyanin content
A 0.5 g sample of fresh leaves was rubbed with quartz sand in 2 × 2 ml 1 N HCl-methanol buffer (8.88 ml HCl and 91.12 ml methanol), after which the crude extract was centrifuged at room temperature (20 min, 12,000 g). The anthocyanin content was determined using a UV-VIS spectrophotometer (Shimadzu 160A, Japan). The supernatant containing the anthocyanins was subjected to measurement at 530 and 479 nm. Differences in absorbance (A 530 -A 479 /g fresh weight) were plotted in the figures [22] .
Determination of chlorophyll content
The total chlorophyll content was determined using a SPAD-502 chlorophyll meter (Minolta Camera Co., Tokyo, Japan), based on the ratio of the red and infrared light intensity passing through the leaf, which exhibits a close correlation with the chlorophyll content. There was a correlation of r = 0.902-0.94 between the SPAD values and the total chlorophyll content determined using a biochemical method [23] . Measurements were made after 1, 2, 3 or 4 days of chilling treatment at various temperatures.
Results
The effect of SMM on the stress tolerance of maize plants exposed to chilling stress of varying intensities for various lengths of time was monitored by investigating the functioning of the photosynthetic apparatus, the efficiency of photosynthesis and the synthesis of the phenoloids and anthocyanins that play a role in stress defence. After 1 day of treatment with SMM the plants were exposed to mild (14-12-10°C) or intense (8-6°C) chilling stress for 1-4 days, in the course of which photosynthetic parameters characteristic of physiological status were measured and the production of secondary metabolic products were recorded. (Figure 1 ). The changes in chlorophyll content were similar to those observed for Fv/Fm. Chilling stress caused a reduction in the chlorophyll content, depending on the temperature and the length of treatment; the reduction was greater at 6 or 8°C and after 3-4 days of chilling than at 10, 12 or 14°C. SMM moderated the decline in chlorophyll content caused by chilling, particularly at lower temperatures and after longer periods of treatment (data not shown).
Physiological characterization of the photosynthetic apparatus through changes in chlorophyll fluorescence parameters
The damage to the photosynthetic apparatus as a function of temperature and of the length of chilling stress was clearly reflected from the changes in the values of photochemical (qP) and non-photochemical (qN) quenching. The 0.78-0.79 value of qP characteristic of control and SMM-treated plants at 22°C decreased to 0.75-0.76 after one day of chilling treatment, while the 0.25-0.26 value of qN increased by a few hundredths. As the temperature declined or the chilling period lengthened, qP dropped, while qN rose, but both to a lesser extent in SMM-treated plants (Figure 2 ).
Characterization of CO 2 fixation and photosynthesis through changes in gas exchange parameters
The value of net photosynthesis (An) was generally around 10-11 μmol CO 2 m -2 s -1 in control and SMMtreated plants grown at 22°C. In the presence of SMM, the gas exchange activity of plants exposed to various levels of low temperature stress, showed a substantial decrease in net photosynthesis (approximately 50%) even after 1 day of moderate (14°C) stress. Furthermore, the reduction was in excess of 70% by the end of the 4-day chill treatment (Figure 3) . In SMMtreated plants this reduction was also around 50% in plants exposed to moderate chilling stress, but it was still less than 60% after 4 days of treatment. Control plants exposed to the lowest chilling temperature (6°C) exhibited a decline of over 60% in the value of An after 24 h, while the reduction exceeded 80% by the 4 th day. SMM considerably mitigated this effect; the decrease in An was less than 60% after 1 day of chilling stress and was still below 70% on the 4 th day (Figure 3 ). Although the values of transpiration rate (g s =1.5-1.6 nmol H 2 O m -2 s -1 ), stomatal conductance (E=0.07-0.08 mol H 2 O m -2 s -1 ) and intercellular CO 2 concentration (C i =250-260 μmol CO 2 mol -1 air) were somewhat lower in SMM-treated plants, they were not significantly different from the control at 22°C. However, in response to chilling stress the values of g s and E declined, while C i increased due to the damage to the photosynthetic apparatus and to a smaller extent by fixation. At all the temperatures tested, the g s and E values of SMM-treated plants were lower after exposure to moderate or severe chilling stress than those of control plants (detailed data not shown). Intercellular CO 2 content was lower in all SMM-treated plants compared to the control plants (e.g. after 3 days of treatment at 6°C these values were 330 and 405 μmol CO 2 mol -1 air, respectively). The lower C i values in SMM-treated plants suggested less damage to the photosynthetic apparatus, resulting in greater CO 2 fixation. As a consequence, the net photosynthesis (An), characteristic of the efficiency of photosynthesis, was greater in SMM-treated plants.
The An value of maize, a C4 plant able to fix CO 2 efficiently even at low concentrations, thus depended
Effect of S-methylmethionine on the photosynthesis in maize at different chilling temperatures on the state of the photosynthetic apparatus and on the energy supplies, and was not limited by the slightly lower value of intercellular CO 2 concentration.
Effect of S-methylmethionine on the production of metabolites involved in stress defence
The generation of stress defence phenoloids in response to various levels of chilling stress was monitored by recording fluorescence with maxima between 430 and 450 nm in the blue range (F440) and between 520 and 530 nm in the green range (F520) using the fluorescence imaging method. These values were then compared with changes in emission characteristic of the state of the photosynthetic apparatus, due primarily to the fluorescence of chlorophyll-α in the red (F690) and far-red (F740) wavelengths. It was found that in plants raised at 22°C the fluorescence emission of phenoloids compared with that of chlorophyll-a was around 8-10% lower in both the blue and green range after SMM treatment than in the control plants (F440/F690 control =4.042, F440/ F690 SMM =3.717 and F520/F690 control =1.775, F520/ F690 SMM =1.596). At the same time, the chlorophyll content of SMM-treated plants (which is inversely proportional to the F690/F740 ratio) was 10-12% higher than in control plants (F690/F740 control =0.561, F690/F740 SMM =0.542). In the course of chilling stress, however, the fluorescence ratios F440/F690 and F440/F740, and F520/F690 and F520/F740, indicative of an enhanced quantity of stress defence phenoloids/flavonoids, rose to a far greater extent in SMM-treated plants than in the control. The increase in fluorescence in response to SMM was greatest in plants exposed to chilling stress at 6°C. The difference in the chlorophyll content between treated and control plants, based on the F690/F740 ratio, was also greatest at this temperature ( Table 1 . Temperature dependence of fluorescence ratios in the leaves of control and S-methylmethionine-treated maize plants exposed to 4 days of chilling stress at various low temperatures (14-6°C). Mean values of nine measurements from three independent experiments are presented. fresh weight), it could be seen that both chilling stress (at 5°C) and SMM treatment (at 22°C) influenced the anthocyanin content, causing relative increases of around 8-12% (data not shown). This increase was greater in plants exposed to the lowest temperatures and given SMM treatment (Figure 4 ).
Discussion
In response to low temperature stress the photosynthetic apparatus suffers both structural and functional damage. In plants of subtropical origin, such as maize, this damage is perceptible even in response to mild chilling at temperatures of 10-20°C [24] . In plants exposed to low temperature stress, there is a reduction in the fluidity of the membranes, the electron transport chain is less efficient and the activity of membranebound or cold-sensitive enzymes decreases or ceases completely. A reduction in membrane integrity increases the generation of reactive oxygen species and the risk of oxidative stress [17, 25] . One possible way to improve the tolerance of plants to biotic and abiotic stress factors and to avoid damage is to apply biologically active natural compounds that have a favourable influence on plant physiological processes and result in an improvement in defence potential [26] [27] [28] . The beneficial physiological effects of exogenous SMM have been reported in the case of both low temperature stress and other abiotic stress factors on maize, which is cold-sensitive and incapable of cold acclimation [14, 15] . The present experiments were aimed to give a more accurate picture of changes occurring in the structure and function of the photosynthetic apparatus in response to a long period of mild chilling stress (above 10°C) or to more severe stress (6-8°C), and to investigate the effect of SMM on these changes. A slight reduction in the values of variable fluorescence, Fv/Fm (indicative of the maximum quantum efficiency of PSII), could be observed in dark-adapted leaves in response to chilling even at temperatures above 10°C, revealing damage to the PSII reaction centres, or to the supramolecular complex. At temperatures below 10°C or in response to a longer period of chilling stress the reduction in Fv/Fm was more pronounced, and the extent of damage was greater. SMM moderated the damage to the photosynthetic apparatus, and its protective effect was manifested to the greatest extent in the case of longer periods of chilling and at the lowest chilling temperatures applied. Changes in the chlorophyll content exhibited a similar tendency. The favourable effect of SMM could probably be attributed to the reduction of membrane damage, either directly or indirectly, via the ability of polyamines to protect membranes and scavenge radicals. In this way it helps to preserve the integrity of photosynthetic membranes and the intactness and functionality of the PSII reaction centres and of other supramolecular complexes involved in the photosynthetic machinery. This may result in the preservation of functioning, especially considering that the activity of enzymes that improve functioning and the synthesis of new proteins and pigments take place at a much slower rate at low temperatures, if at all.
One indication of the reduced damage to the photosynthetic apparatus in SMM-treated plants was the fact that the net photosynthesis remained at a higher level during chilling stress than in control plants. Further confirmation was provided by the photochemical quenching values, which were higher than those of Figure 4 . Effect of S-methylmethionine on the anthocyanin content of maize plants exposed to 4 days of chilling stress at various low temperatures (14-6°C) . Mean values ± SD of six measurements from three independent experiments are presented.
Effect of S-methylmethionine on the photosynthesis in maize at different chilling temperatures non-photochemical quenching both at temperatures above 10°C and in the course of more severe chilling stress (6-8°C) in SMM-treated plants, indicating that the more intact photosynthetic apparatus was able to utilise excitation energy more efficiently in the electron transport chain, thus ensuring better CO 2 fixation.
The protection of the photosynthetic apparatus against the photoinhibition generally associated with chilling stress could be detected not only in the temperature-and pH-dependent activation of the xanthophyll cycle, involved in energy dissipation, and in an increase in the pH-independent carotenoid content, but also as an increase in the quantity of phenoloids, flavonoids and anthocyanins synthesised via the phenylpropanoid pathway [29] [30] [31] . When changes in the quantities of the phenoloids (hydroxycinnamic acid derivatives, ferulic acid esters, p-coumaric acid) and flavonoids (e.g. kaempferol and quercetin) that induce enhanced blue and green fluorescence emission were monitored using fluorescence imaging, it could be seen that, although chilling stress alone was capable of increasing the quantity of stress defence compounds, a greater increase was observed during chilling stress after pre-treatment with SMM than in control plants. Based on the fluorescence ratios F440/ F690, F440/F740, F520/F690 and F520/F740, these compounds accumulated to the greatest extent in SMM-treated plants exposed to chilling stress at 6°C. The difference in chlorophyll content between SMM-treated and control plants was also greatest at this temperature, based on the F690/F740 ratio. In response to various levels of chilling stress after SMM treatment, changes similar to those observed for phenoloids and flavonoids were also recorded in the quantity of anthocyanins, also synthesised via the phenylpropanoid pathway.
The results of the present experiments demonstrate the complex role of SMM in defence against chilling stress, manifested in the preservation of the functioning of the photosynthetic apparatus and in the enhanced synthesis of metabolites involved in reducing the extent of stress.
